Abstract-The 6-strut tensegrity robot (TR-6) is a novel deformable mobile robot, and it can generate different gaits by self-deformation to adapt to various terrains. As the shape of the TR-6 is similar to a sphere, unexpected falling often occur when the robot is climbing a slope with rolling gait. By selfdeformation, the TR-6 can generate crawling gait and move forward steady. As the topology of the TR-6 is complicated, the components of the structure are highly coupled, and the TR-6 is a multi-input system, there is no existed method for solving the control problem of the crawling gait for TR-6. This paper presents a control method for the crawling gait of TR-6 based on the genetic algorithm (GA). Firstly, a dynamic model of the TR-6 is built by the Newton-Euler method. Secondly, based on the TR-6 dynamic model, an optimal initial configuration and the range of the control parameters for avoiding the unexpected rolling during crawling motion are determined. Lastly, by converting the multi-input control problem to an optimization problem and solving the optimization problem by GA, a group of control parameters are chosen to control the TR-6 crawl forward steady and fast. The control method is realized by C++ code, and a group of control parameters are given by the numerical simulation. The experiments verifies the result of simulation.
I. INTRODUCTION
The six strut tensegrity robot (TR-6) [1, 2] moves fast by using its rolling gait, but as the limited capability of the actuators and the shape of the 6-strut tensegrity structure is similar to a sphere, the unexpected falling often occur when the TR-6 is climbing a slope. For increasing the stability of the motion in complicated terrains, the crawling gait of TR-6 should be studied.
In each initial stable state of the TR-6, there are 3 nodes contacting with the ground. The TR-6 can generates the crawling gaits by changing the frictions of the 3 nodes, and by shrinking and recovering the lengths of the cables, the TR-6 can generate the crawling gait.
Paul [3] [4] [5] [6] in the Cornell University made an analysis of the crawling gait for TR-3 (3-strut tensegrity robot) by utilizing the genetic algorithm. At present, there is no theoretical study on the crawling gait for the TR-6 in existing researches, as the analysis of the TR-6 is much more complicated than that of the TR-3.
There are three difficulties in the analysis of the TR-6. Firstly, the topology of the TR-6 is more complicated than that of the TR-3, as the TR-6 has 6 rigid struts and 24 flexible cables, while TR-3 has 3 struts and 9 cables. Secondly, the shape of the TR-6 is similar to a sphere, hence, unexpected rolling may occur during the crawling motion. Thirdly, for generating the crawling motion of TR-6, at least 3 motors are needed. As each motor has 4 parameters, there are at least 12 control parameters. Therefore, the TR-6 is a multi-input system.
In this paper, we presented a control method for the crawling gait of TR-6 based on the genetic algorithm that contains three steps. Firstly, because the deformation of the tensegrity structure has dynamic and real-time influence on the CG position, dynamic model is necessary for the analysis of the position change of CG with respect to time. Secondly, the stability analysis of the structure is carried out to get the initial configuration and range of the control parameters for maintaining stable crawling, as the structure of spherical approximation makes the robot roll easily, which should be avoided during the crawling gait. Thirdly, it is difficult for traditional control method to solve the problem of the multiinput and nonlinear system. By converting the control problem to an optimization problem, the genetic algorithm is used to obtain a group of control parameters that can generate a steady and fast crawling motion.
II. CONTORL METHOD FOR THE CRAWLING GAIT OF TR-6
The control method for the crawling gaits is divided by three steps: 1. Dynamic modeling. The Newton-Euler method is used to modeling the dynamics of the TR-6. 2. The analysis of the initial configuration and the control parameters. To avoid unexpected rolling during crawling motion, the stability of each initial configuration is analyzed and the most stable configuration is chosen, and reasonable range of the control parameters are obtained based on the NE dynamic model. 3. GA optimization. To control the crawling motion is actually to control the crawling direction of the motion. This problem can be convert to an optimization problem, which can be described as to find a group of control parameters that can make the robot crawl the longest length in a period of time along the direction.
A. Dynamic Modeling
The dynamic model of TR-6 is built by the following steps. Firstly, the world coordinate system R and the body coordinate systems Bi fixed on the strut i are selected. Secondly, by analyzing the forces and moments acting on the six struts, the Newton-Euler equations are built. The positions and orientations are updated by the quaternion method to avoid singular point. 
1) the world coordinate system and the body coordinate systems
The TR-6 has 3 pairs of parallel struts, and take strut 1 and 2 as examples, the body coordinate systems 1 2 , B B are built, as shown in Fig. 2 . The original points 1 2 O ,O of the coordinate systems 1 2 , B B are fixed on the center of mass of strut 1 and 2, respectively. The X axis 1 2 , X X are the unit vector along the The world coordinate system is much simpler, the original point R O can be fixed at any point on the ground. Take the stable state shown in Fig. 1 as an example, in this state, the base triangle is a regular triangle and the vertex of the triangle is numbered as 1 4 5 , , a a a , hence, the state is indicated as
, , a a a . We fixed the original point Z is along the direction that perpendicular to the ground and points upward.
2) Newton-Euler equations
The forces acting on the strut i can be divided into 5 categories: the gravity 0, 0, , shown in Fig. 3 . If the cable is not driven by the motor, it produces a passive cable force. If the cable is driven by the motor, it produces a driving force. All these forces except the gravity generate moments on the center of the strut. in the moment it collides with the ground. e is the estitution coefficient of the ground and the value is 0.8. K is elastic coefficient of the ground and the value is 100. δ is the depth that node i underneath the ground and can be expressed as:
The friction is denoted as If the cable is not used as an actuator, it will produce the passive cable forces at its both ends. The passive cable force of As shown in Fig. 4 
The driving force model is shown in (4 
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Hence, the total force acting on strut i is:
The Newton equation is shown in (6) . Separating the forces acting on node i a and i b , and calculating the total moment acting on strut i by (7) 
B. Analysis of Initial Configurations and Control Parameters
According to the pervious researches [7] , the initial configurations can be divided into two types: the RT type and the IT type. The stability of the two types of initial configurations can be analyzed by the gravity cones of them. The gravity cone with bigger base area and lower CG position is more stable than the others.
The base area and the height of the CG of the RT type are According to the analysis of previous section, we chose the RT steady state configuration as the initial configuration of the crawling gait, and the RT is an axial symmetric configuration, which only needs to be analyzed for one of the three possible rolling directions. The result can be directly mapped to the other two rolling directions. If only using the bottom surface 3 cables as actuators, there is only one way to make the robot roll, namely, by using one of the three cables as an actuator, the robot may roll. Hence, the critical value of the control parameters should be find out to make sure the robot won't roll during the crawling motion.
Take the RT { } , , a b a , we need to shrink the cable 1 4 , a a . As the RT type is axial symmetrical, by analyzing the critical drive parameter of the actuator 1 4 , a a , the range of the control parameters can be obtained.
The only parameter that affect the rolling motion in the four control parameters is 1 t . The NE dynamic model is applied to find out whether the TR-6 will roll or not with a group value of 1 t , and then we can find out the critical value of 1 t .
Simulations are realized by C++ code, and the results show that the critical value of 1 t is 5.2 seconds, namely, the robot won't roll is 1 t is less than 5.2s.
C. Controlling Method based on Genetic Algorithm
The crawling gait control problem can be transformed into the following optimization problem. That is, in the absence of rolling, the robot moves the longest distance along a certain direction. This paper defines the longest distance of the robot in the R Y direction as an optimization target. As In order to solve the above problems, the genetic algorithm is used to map the solution space to the genetic space. The specific process contains 7 steps.
1) Determine the decision variables and constraints.
Equation (9) 
2) Determine the mathematical model.
The mathematical model of the problem is the dynamic model (6) and (8). Using the NE model, we can obtain the trajectory of the robot under a group of control parameters, sample m Y every 1 seconds, and accumulate them to obtain the objective function value.
3) Determine the encoding method.
The critical value of the drive parameter 1 t is 5.2 seconds. One actuator has 4 control parameters, and it needs to be coded as a 24-bit gene. For crawling gait, at least 3 actuators are needed, hence, we need a 72-bit gene, each 24-bit represents an actuator, and each 6 bits among the 24 bits represents the four parameters of the actuator: 1 2 , , , s t t t t δ .
4) Determine the decoding method.
First, the 72-bit long code string is divided into three 24-bit long coded segments, and the 24-bit coded segment is divided into four 6-bit coded segments and converted into decimal 
5) Determine the individual evaluation method.
In the individual selection, this paper directly selects the individuals with higher fitness, without the use of "roulette wheel" selection or other random selection method, so the objective function value of the positive and negative situation does not affect the level of fitness sort. Therefore, the objective function can be used directly for the individual evaluation method.
6) Design the genetic operator.
The proportional selecting operation is used as selecting operation. If the ratio is 0.8 and the initial generation has 10 individuals. Each time the selecting operation is performed, the 10 individuals are first sorted by fitness, and then the 8 individuals with higher fitness are inherited to the next generation.
The crossover operation uses single point crossover operator to randomly select two pairs of individuals and then pass the single point of crossover to the next generation. The gene bits which located behind the cross point are exchanged, and the cross point is generated randomly.
The mutation operation uses the basic bit mutation operator. Namely, each time the mutation occurs, inverting the value of 2 bits randomly.
7) Determine the operating parameters of the genetic algorithm.
In order to solve the optimization problem in this paper, the operation parameters of the genetic algorithm are as follows: 
III. SIMULATION RESULTS

A. Dynamic model validation
The Newton-Euler dynamics model is validated by using the known results of the rolling gait. According to the previous researches [7] , in the initial state RT 1 4 5 , , a a a , if the cable 1 4 , a a is driven, the TR-6 will roll from RT 1 4 5 , , a a a to RT 1 4 6 , , a b a . The experiment is shown in Fig. 5 . The NE dynamic model are realized by C++ code, where the simulation precision is set as 1ms (millisecond). The C++ program output the position of the 12 nodes to a txt file in every 10ms or any other value that bigger than 1ms, then the motion of TR-6 can be drawn in MATLAB by calling this txt file. The parameters used in the program are listed below: the mass of each strut ms = 0.072kg, the length of each strut Ls = 0.65m, the radius of each strut Rs = 0.030m, the original length of each cable Lc = 0.348m, the elastic coefficient of each cable The simulation result is shown in Fig. 5 , and we can see that the TR-6 rolls from RT 1 4 5 , , a a a to RT 1 4 5 , , a b a . The simulation result is in agreement with the experimental result, and the dynamic model is verified. 
B. The result of the genetic algorithm
In the genetic algorithm program, the robot is simulated for 2 minutes, and the position of the center of gravity of the robot on the During the movement of the robot, the contacts between the three nodes 1 4 5 , , a a a and the ground is shown in Fig. 7 . The components of the three nodes on the Z axis are all negative values, indicating that the movement is always in contact with the ground, but the depth of contact with the ground is alternating. Node 1 a is in the front position of the movement, the variation range of 1 a is small. The depth of contact between nodes 4 5 , a a and the ground changes alternately, indicating that the frictions of the two points at the rear end of the movement alternately change, similar to the multi-foot robot lift, put down the foot to change the size of the frictions with the ground. In the first 100 seconds of simulation, the alternation of the contact depth between the point 4 5 , a a and the ground is very obvious.
IV. EXPERIMENTS
The results are verified on the TR-6 prototype. The prototype moves 4cm in two minutes with the control parameters obtained by the GA, and the crawling motion is shown in Fig. 8 . The crawling direction is the same as that in the simulation, but the speed of the TR-6 prototype is much smaller than the speed in the simulation. The speed difference between the experiment and the simulation is caused by reasons shown below. 1. The errors caused in the procedure of machining and assembling make it difficult to guarantee the uniformity of the elastic coefficient and the length of the cables. 2. The foam balls on each node of the struts is soft and flexible, and may cause difference of the friction coefficients of the 3 nodes that contact with the ground. Hence, the results of the experiment and the simulation can not be the same.
V. CONCLUSIONS AND FUTURE WORKS
In this paper, a control method based on the genetic algorithm is presented for controlling the crawling gait of TR-6. The control method consists of three steps. Firstly, dynamic model of TR-6 is built by using the Newton-Euler method. Secondly, to avoid the unexpected rolling during crawling motion, the stability of the initial configuration is analyzed and the most stable one is chosen, and the range of the control parameters are determined based on the NE dynamic model. Lastly, the control problem of the crawling gait is converted to an optimization problem, and the GA is applied to find out a group of control parameters that can make the TR-6 crawl along a direction steady and fast.
In future researches, the prototype can be improved in many ways to increase the speed of crawling gait in experiments. The springs should be machined with high precision to guarantee the uniformity of the elastic coefficient, the damping coefficient and the length of the cables. The batteries inside each strut should be fixed entirely to make sure that their positions won't change and destroy the axial symmetry of the robot's mass distribution. The mass of the each screw and the number they are assembled on each end of each strut should be the same. The foam balls on the ends of the struts should be replaced with balls with light-weight and hard materials.
